Purpose Malposition of the acetabular cup is the most common cause of total hip arthroplasty (THA) dislocation. The position of a total hip implant is usually analysed on computed tomography (CT) scan. We aim to prove it is possible to measure, with good accuracy, the position of an acetabular cup using the low-dose irradiation (EOS) imaging. Material and methods We implanted an acetabular cup in a pelvic dry bone and measured cup anteversion and inclination with scanography. We performed 14 series of EOS acquisitions with different inclination, rotation and pelvic tilt, which were analysed by five observers. Two observers repeated angle measurements. We then calculated measurement inter-and intrareproducibility and accuracy. Results Using a confidence interval (CI) of 95 %, inter-and intra-observer reproducibility were ±1.6, and ±1.4°, respectively, for cup inclination; accuracy in comparison with CT was ±2.6°. Using a 95 % CI, inter-and intra-observer reproducibility for cup anteversion were ±2.5°and ±2.3°, respectively. Measurement accuracy compared with CT was ±3.9°. Conclusion EOS imaging system is superior to standard radiography in terms of measuring acetabular anteversion and inclination.
Introduction
Reconstructing a patient's ideal biomechanical anatomy during implant placement in total hip arthroplasty (THA) is a major concern for orthopaedic surgeons. Implant position plays a major role in mechanical stability of the arthroplasty, and malpositioning of the acetabular component is the most common cause of THA dislocation [1] [2] [3] . Dislocation rates vary between 0.5 % and 10 % in large studies of primary THA implantations [4] [5] [6] [7] [8] . Every deviation of the acetabular cup from its ideal centre of rotation in the patient's pelvic bone negatively influences endoprosthesis survival, implant wear and hip load [9, 10] and could limit range of motion (ROM) [11] . The use of computer navigation for acetabular cup positioning has proved to be reliable, and a prospective randomised study [12] shows better acetabular cup positioning with navigation than with the freehand technique using a minimally invasive anterior approach in the lateral position.
If inclination of the acetabular component could be measured on hip radiographies with a precision of around ±3° [ 13, 14] , anteversion is measured with precision of around ±10°. Computed tomography (CT) is the gold standard for measuring acetabular component positioning in postoperative assessment [15] but is also commonly used for preoperative planning in computer-assisted navigation [12] . Radiation exposure to patients is becoming a real health concern due to multiple CT examinations-a concern that must be considered. EOS imaging is a new system that reduces radiation exposure and allows image acquisition with the patient in a standing or sitting position [16] [17] [18] . Our study demonstrates that it is possible to measure inclination and anteversion of an acetabular cup implanted in a dry bone.
Material and method
We created an original device using a dry pelvic bone in which we implanted an RM Mathys® acetabular cup.
( Fig. 1 ) That implant has a metallic ring that is easy to locate on a standard X-ray. We fixed the pelvis on a plexiglas support.
Measurement of the acetabular position with CT scan
We placed our device on the scanning table (Fig. 2) and performed a single CT scan and measured the acetabular cup reference position (Siemens Sensation 64-detector-row 0.75-mm thickness) according to the protocol described by Stem et al. [19] . Cup inclination was measured from a frontal reconstruction by obtaining the angle between a line drawn from the acetabular superior and inferior edges and a horizontal line between the ischial tuberosities (Fig. 3) . Cup anteversion was measured on axial images at the centre of the cup. Acetabular anteversion was defined as the angle between the anterior and posterior edge of the cup and a reference line drawn perpendicular to a line between the posterior pelvic margines at the level of the sciatic notch (Fig. 4) . All angular measurements were performed on the Siemens MagicView workstation. Two measurements of inclination and anteversion were made by the same radiologist, and the average of these two values was used.
Measurement of acetabular position with EOS imaging
The EOS Imaging device uses two high-energy particle detectors that enable X-ray imaging to be performed at lower radiation dose to the patient and allows images to be captured with the patient in the upright or sitting position (Fig. 5) . The system achieves anteroposterior and lateral pelvic acquisition at the same time. We performed 14 acquisitions using our device by varying its position in rotation (+8°, 0°, −8°), pelvic tilt (45°, 0°, −45°) and inclination (70°, 0°, −70°) via the plexiglas support. We defined a reference plane with 3D objects manually placed on anterosuperior iliac spines right and left and the pubic symphysis on anteroposterior and lateral views (Fig. 6 ). We placed right and left markers on the anatomical locations on frontal and lateral views at the same time on two different windows in order to prevent misplacement of the virtual markers. A 3D view of the virtual objects allows their placement to be checked. Two spheres were manually placed to locate the position of the right and left acetabulum (Fig. 7) . A ring, known as the EOS ring, is adjusted on the metallic ring of the acetabular cup (Fig. 8 ) on anteroposterior and lateral 
Intra-and interobserver reproducibility
Inclination and anteversion angle measurements were performed by five observers on 14 acquisitions. Two observers repeated angle measurements. Intra-and interreproducibility were calculated using the Norme française-International Organization for Standardization 5725-2 (NF-ISO 5725-2) standard [20] . We used a one-way random-effects model of analysis of variance (ANOVA) and calculated inter-and intra-observer reproducibility with a 95 % confidence interval (CI). We calculated measurement accuracy using CTscan values as actual values.
Results
With CT scan acquisition measurements, acetabular cup inclination was 45°and anteversion was 30°. With the EOS imaging system acetabular cup inclination and intraand inter-observer reproducibility were 1.4°and 1.6°with a 95 % CI, amplitude was 3.9°(42.6-46.5°) and accuracy in comparison with CT scan 2.6°. For anteversion, intra-and interobserver reproducibility were 2.3°and 2.5°with a 95 % CI, amplitude was 6.6°(28.1-34.7°) and accuracy in comparison with CT scan 3.9°.
Discussion
We conducted a feasibility study to demonstrate it is possible to use EOS imaging to measure acetabular implant position. The software sterEOS used to measure acetabular implant inclination and anteversion required basic notions in anatomy. Measurement repeatability and reproducibility are <3°with a 95 % CI. Kalteis et al. [15] demonstrated that X-ray and CT scan have approximately 3°and 2°accuracy, respectively, for measuring acetabular cup inclination. EOS imaging showed an accuracy of 2.6°; this new method is then competitive with X-ray and CT scan, with reduced radiation dose to the patient. Ackland et al. [21] demonstrate that a simple anteroposterior X-ray does not allow recognition of acetabular cup ante-or retroversion. Extrapelvic X-ray is therefore useful for analyzing opening or closing of the ellipse to determine implant ante-or retroversion. Measurement accuracy with X-ray and CT scan are 9.2°a nd 2.9°. Using EOS imaging we found accuracy of 3.9°, indicating EOS is less accurate than CT scan for measuring anteversion but superior to X-rays.
EOS imaging represents a major advantage in terms of reduced patient irradiation. One EOS acquisition is approximately 0.1 mSv, whereas an analysis of a THA with X-rays requires three images (anteroposterior, lateral, pelvic), corresponding to 2 mSv, and a pelvic CT scan is between 3 and 5 mSv. EOS imaging therefore divides irradiation by ten to 100 times. It also allows imaging with the patient in standing and sitting positions. Lazennec et al. [22] demonstrated that measuring anatomic acetabular anteversion on a plain CT scan is biased in the THA population. EOS captures patient images in their upright and weight-bearing and sitting positions, and a recent report [23] shows that analysis of a THA in standing and sitting positions may help determine possible cases of implant impingement, instability or abnormal wear. The software sterEOS creates 3D images from two unique frontal and lateral low radiation dose images: we used a method based on positioning figures on both frontal and lateral images to obtain measurement of the 3D position of the acetabular cup in the pelvis. Recent publications [24, 25] show that EOS reconstruction is a useful and reliable technique for assessing lower-limb and spine deformities in 3D, and new tools are under development to analyse hip and pelvic concerns. Measurement in Lewinnek and horizontal planes can be made easily and allow analysis of the patient's pelvis positioning and biomechanical behaviour of hip implants in the upright and weight-bearing position. A second method to measure femoral stem positioning and neck anteversion is being developed at this very moment. Threedimensional surface reconstruction of the acetabular cup and the native acetabulum does not seem challenging for the software developer and would be interesting to explore for use in surgical planning.
We studied the position of an acetabular cup on dry bone and demonstrated measurement feasibility, but our study has important limits: Firstly, the EOS ring adjusted on the metallic ring of the acetabular implant was easy to place because of our implant, which is highly favourable due to its radiolucent design. Nonetheless, the large majority of acetabular implants are metal backed. We tried to adjust the EOS ring on metal-backed implants; it worked, and we began a comparison study of reproducibility with different acetabular components. Secondly, we studied the acetabular component of a hip arthroplasty without the femoral implant, a condition that barely simulates the real clinical world; we therefore tried our method on patients with THA, but the EOS ring was not adjusted on the acetabular implant.
We attempted to measure the position of variable acetabular cups in routine follow-up of THA using EOS imaging instead of standard X-rays. The new system worked well, and there was no particular difficulty caused by the femoral implant or digestive gases. We did not evaluate intra-and interobserver reproducibility, and we were unable to compare measurements between standard and EOS X-rays for ethical reasons.
Conclusion
Measuring acetabular cup positioning is feasible using EOS imaging, which provides good accuracy and is superior to standard radiography in terms of measuring acetabular anteversion. Further studies are needed to validate and demonstrate its usefulness in clinical application. 
